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MEASUREMENT OF ATOMIC SODIUM IN A PREMIXED
ATMOSPHERIC FLAME BY ASYNCHRONOUS OPTICAL SAMPLING

Gregory J. Fiechtner, Galen B. King and Normand M. Laurendeau
Flame Diagnostics Laboratory
School of Mechanical Engineering

and

Ronald J. Kneisler and Fred E. Lytle
Department of Chemistry
Purdue University
West Lafayette, IN 47907

1. Introduction

Absolute number density measurements in
flames are difficult to derive from laser-induced
fluorescence (UF) signals because the rate of
fluorescence quenching due to collisional deex-
citation is not well known.! The quenching rate
can be calculated through knowledge of the rate
constants for individual collision partners and
their respective number densities.2:3 Butthedata
necessary for these calculations is available only
for a limited number of molecular species, and
typically has been obtained under different con-
ditions of temperature, pressure and stoichio-
metry. Laser-saturated fluorescence (LSF) can
beusedto avoid the quenching dependence? but
this technique is limited by the number of mole-
culesthat canbe effectively saturated. Calibration
techniques must also be usedtotake into account
incomplete saturation in the wings of the laser
beam.5:6

In flames above 1 atm, measurement of num-
ber density requires that picosecond lasers be
used to directly determine the rapid quenching
rates. Previous investigators have used pico-
second lasers to do time-resolved LIF experi-
ments on OH at atmospheric pressure using
either a streak camera’»8 or a time-comelated
single-photon counting scheme.®  Although
these experiments have the temporal resolution
necessary to obtain the needed quenching rates,
the amount of time necessary to obtain the data
is much greater than the time scale of turbulence.
Thisisin part due tothe repetition rate of the lasers
which ranges from 1 Hz to 1 kHz. In addition, the
slow triggering rate of a streak camera and the
long time for photon counting make these
detection schemes undesirable for turbulent
measurements.,
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In this paper we present a new combustion
diagnostic suitable for measurements in turbu-
ient, high-pressure flames. We demonstrate the
efficacy of the method via measurements of
atomic sodium in a laminar premixed flame at
atmospheric pressure. The technique, Asynch-
ronous Optical Sampling (ASOPS), is a
pump/probe method; however, it overcomes
many of the temporal problems inherent to that
method. 10,11 Furthermore, corrections for the
effects of quenching can be obtained on a time-
scale necessary for practical combustion
measurements.1213 In the ASOPS method, .
rather than using a single Nd:YAG laser to con-
struct both the pump and probe beams and an
optical delay line to control the relative timing
between the two puises, two Nd:YAG lasers are
used to separately generate the pump and probe
beams. Central to the method is the fact that the
two Nd:YAG lasers are mode-locked at slightly
different frequencies. The mode-locking fre-
quencies of these two lasers are carefully con-
trolled to maintain a constant beat frequency,
creating a periodic relative phase walk-out
between the pump and the probe lasers. Thishas
the same effect as varying the optical delay line
in the conventional pump/probe method; how-
ever, the period of time needed to observe the
population decay of an excited energy level can
be reduced from several minutes to less than a
msec.

2. Equipment and Procedure

The process is illustrated in Fig. Ta, which
shows the excited state population produced by
several pump pulses and the temporal position of
several probe pulses. Each successive probe
pulseis delayedintime (relativetothe pump pulse
train) by a constantly increasing duration whichis
determined by the beat frequency of the system.



Thus, each probe pulse samples the excited state
population at a slightly later time than the pre-
ceding probe puise. This is equivalent to varying
the optical delay in a conventional instrument.
The sampling process repeats itself when the
cumulative delay equals, the period of the pump
laser. Hence, any modulation of the probe beam,
resulting fromthe creation and subsequent decay
of the excited state, repeats at the beat frequency
of the system. Therefore, in contrast to a con-
ventional pump/probe instrument, there is no
need to modulate the amplitude of either beam to
employ synchronous detection.

I/fm

{a) Excited State
Population

Fig. 1. ASOPS timing diagram showing (a) excited state

population and (b) probe beam intensity. The
probe puises in (a) are indicated by the vertical
dashed lines.

Fig. 1billustrates the change in probe intensity
which resuits from stimulated emission from the
excited state population shownin Fig. 1a. The net
effect of the ASOPS technique is that a small
ampiitude waveform, which is directly related to
the fluorescence decay of the species under
study, is impressed onto the probe laser intensity.
In essence, a temporal transformation of the
excited state decay is performed with the time
scaled by the factor (foump/(foump - forobe)) Where
fistherepetition rate of thetwo lasers. The ASOPS
technique is thus an optical analogue of the
sampling oscilloscope.
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The beat frequency of the ASOPS instrument
is determined by the difference in laser repetition
rates of foeat = fpump - fprobe- The period of the
pumplaser, 1/fpump, determines the free temporal
range, which is the maximum time available for a
single decay of the excited state population. The
inverse of the beat frequency, 1/fueat, represents
the collection time for a single decay. The total
number of points sampled during the decay is
determined by forone/fbeat: The temporal differ-
ence between each sampled point within the
decay profile is the sampling interval. The
sampling interval and thus the temporal resolution
is determined by the difference in laser periods,
1.8., foeat/ (fprobe foump)- Since the ASOPS signal
follows a simple exponential, the duty cycle of the
measurement is determined by the excited state
lifetime of the species being monitored and the
free temporal range. If we assume that the signal
is zero after 3r, where r is the excited state lifetime,
then the percent duty cycle is given by
10037 pump)-

Table 1 gives the above operating parameters
for various beat frequencies and laser repetition
rates. Several factors must be taken into account
to determine the optimum ASOPS parameters,’
First, to make measurements on the time-scale of
turbulence, it is necessary to collect enough data
for adequate signal averaging in ~1 msec. This
criterion indicates that we should use the largest
possible beat frequency. However, the beat
frequency is limited by the physical cavity length
of the lasers and the natural acoustic resonance
frequencies of the mode-locking prisms. In
addition, since the ASOPS signal is carried on the
probe beam, the beat frequency must be chosen
S0 as not to coincide with any noise in the
frequency spectrum of the laser.

A second factor important to system optimi-
zation concerns the sampling interval, which must
besmall enough sothatthe ASOPS measurement
has sufficient temporal resolution to reconstruct
the excited state decay. This criterion sets a
natural upper limit to the beat frequency because
the sampling interval is proportional t0 fyeat.
Finally, the duty cycle should be as closeto 100%
as possible. As previously shown, the duty cycle
increases with the pump laser repetition rate and
is independent of the beat frequency. The pump
laser repetition rate can be increased by a tech-
nique called third-harmonic mode-locking. As



Table 4.1. Operating Parameters for Various Beat
Frequencies.

Repetition Rate ~82 MHz| ~82 MHz] ~246 MHz
(foump)
Beat Frequency 10kHz | 100 kHz 1 MHz
{fbeat)
Free Temporal Range| 12.2 nsec| 122 nsec] 4.1 nsec
(1/foump)
Collection Time 100 ysec| 10 usec 1 usec
(Wfoead
Samples per Decay 8,200 820 248
{orobe/’beat)
Sampling interval 1.5psec| 15 psec 17 psec
(Foeat/’probe ‘pump}
Percent Duty Cycle 25% 25% 74%
{for r = 1 nsec)

can be seen from Table 1, this approach would
provide the ideal case for ASOPS. The increased
repetition rate not only improves the duty cycle,
but also allows for higher beat frequencies and
thus SNR because of the salutary effect of foymp
on the sampling interval.

Since the ASOPS technique requires that the
pump and probe lasers operate at slightly differ-
ent repetition rates, the instrument must be con-
structed from two independent mode-locked
laser systems. Both the pump and probe beams
are currently derived from Spectra-Physics model
375B dye lasers, which are synchronously-
pumped by frequency-doubled, mode-locked
Spectra-Physics series 3000 Nd:YAG lasers. The
mode-locking frequencies are generated by two
Programmed Test Sources (PTS) model 160 fre-
quency synthesizers (accurate to 0.1 Hz) oper-
ated in a master-slave (i.e., phase-locked)
configuration to minimize drift in the beat
frequency of the system. Both the pump and
probe beams consist of an ~82 MHz train of
pulses, tunable (using Rhodamine 6G) from 560
to 640 nm. Three plate Lyot (birefringent) fiters
and ultrafine etalons placed in the dye laser
cavities result in ~20 psec puises with nearly
transform limited bandwidths of 30 GHz14 (A) =
0.04 nm) for both the pump and probe lasers.
Throughout the center of the tuning range (560 -
640 nm), average powers in excess of 120 mwW
are obtained using 800-900 mW of pumping
power.
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A block diagram of the basic ASOPS instru-
ment is shown in Fig. 2. To obtain the trigger
signal, a synchronous voltage output from each
synthesizer is first amplified with an RF power
amplifier (Electronic Navigation Industries 503L)
and then electronically mixed by a double-
balanced mixer (Anzac MDC-161). Note that the
output frequency of the synthesizer is half that of
the optical repetition rate; for this reason, elec-
tronic frequency doublers are included before the
double-balanced mixer to obtain a trigger signal
at the beat frequency of the system. The mixer
output passes through a 4LM5-3-CD Texscan
5-MHz, low-pass filter to remove any high fre-
quencies leaking through the mixer. The output
of the filter then enters a digital delay generator
(Berkeley Nucleonics Corporation 7095) which
produces a very stable 0 to +5 V trigger pulse of
variable width. Unlike the optical triggering
scheme previously employed,11:15 this new
electronic scheme offers much less temporal jitter
in the trigger pulse and thus an improved SNR.

The pump and the probe beams are first
passed through calibrated neutral density filters
which provide a convenient means of varying the
power in either beam. The two beams then pass.
through a single focusing lens (f = 100 mm) and
cross at an included angle of ~5° in the flame.
The probe beam is detected using the circuit of
Fig. 3. Here, approximately half of the probe is
split off before the flame and reaches one of the
photodiodes (EG&G FND-100Q). Afterthe flame,
the probe is recollimated and monitored by the
second photodiode. Reduction of probe-beam
noise of up to 20 dB results from the high
common-mode rejection ratio of the AD 521
instrumentation ampiifier. The output of the
detection circuit is fitered with a 4LM5-3-CD
Texscan 5-MHz low-pass filter to remove the high
frequency noise. The output from the filter is
amplified by a C-COR 4375-A wideband AC
ampilifier by a factor of 100.  The output from the
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Fig. 2. Block diagram of the ASOPS instrument.

amplifier is then directed to a digitizing oscillo-
scope (Hewilett-Packard 54100A), triggered atthe
beat frequency of the system. Currently, the
ASOPS repetition rates are fpymp = 81.59358620
MHz andfpope = 81.58362200 MHz, giving a beat
frequency foest = 9.964 kHz, The interaction
volume of the pump and the probe beams is ~90
pL in the flame.

At

Fig. 3.

AD 521

Detection circuit utilized in the present ASOPS
instrument. Two EG&G FND-100Q photodiodes are
inciuded. Malf of the probe beam is split off before
the flame and reaches photodiode A, while the signal
carrying post-flame probe beam reaches photo-
diode B. The AD 521 instrumentation ampiifier is
utilized with unity gain to provide adequate detector
bandwidth.
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3. Results and Discussion

As the first substantive test of ASOPS in a
combustion environment, we have chosen to
detect atomic sodiumthat has been atomizedinto
a premixed CzH4/O2/Np flame. The flame is
supported by a water-cooled, 31-mm diameter
Hastelloy X flat flame burner. A NaCl solution is
directed with a multistatic pump to a nebuilization
chamber, after which mist droplets are carried to
the burmer via the combined O2/N; flow. Fig. 4
shows the ASOPS signal for sodium in an atmo-
spheric flame. The pump beam is set to the
sodium Dz (3S1/2 — 3P3p2) transition (589.0 nm)
while the probe beam is set to the 3Pz — 5542
transition (616.1 nm). Thus, the ASOPS signal
monitors the population of the 3P5, state, which
modulates the probe beam intensity through
excited-state absorption.

The decay curve in Fig. 4 was obtained by
averaging over 256 separate single-decay
curves. For alkali atoms such as sodium, the
decay of the 3P3, state is not a true exponential,
but is governed by a second-order decay incor-
porating the quenching rate (3P3 — 35, ég) and
the doublet mixing rates (3P = 3P4,).19:17

" curve fit to the data with a .05% standard error IS

shown in Fig. 5, resulting in a 3Pz — 3S2
quenching time of 830 psec and a 3P32 — 3P
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Temporal decay for atomic sodium obtained with a

589.6-nm pump beam (120 mW) and a 616.1-nm
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equivalent time displayed on the oscilloscope,
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Fig. 4.

mixing time of 500 psec. This compares to
lifetimes of 710 psec and 330 psec reported by
Takubo etal.17 for sodium in a propane-air flame.
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Relative ASOPS Signal
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Equivalent Time, usec

Second order curve fit to the decay of Fig. 4. A
3P3/2 — 3512 quenching rate of 1.2 x 109 sec!
and a 3Pa;2 — 3P4 2 doublet mixing rate of 2.0 x
109 sec"1 result in a fit (indicated by the solid
curve) with .05% relative error from the experimen-
tal results (data points indicated by circles). To
distinguish the curve fit from the experimental
data, only every fifth data point is plotted.

Fig. 5.

The results of Fig. 4 represent a factor of 2.5
improvement in peak signal-to-noise ratio over
initial measurements using the ASOPS technique.
This takes place despite the 2056 samples
requiredto obtain the initial results, in comparison
to the 256 sampiles of the present data. Further-
more, the pump and probe beams of the initial
results were tuned to the D2 transition, which has
an Einstein coefficient for absorption that is
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approximately 12 times larger than that of the
3P3p — 5S4 transition in resonance with the

“probe beam in the present experiments. The

increasein signal-to-noiseratio is attributed tothe
new trigger arrangement, the detector of Fig. 3,
and improved dye laser operation.

Future work with the ASOPS instrument will
involve frequency doubling both dye lasers to
work in the UV. This will allow us to access the
rovibronic transitions of the hydroxyl radical.
Atmospheric premixed flames will be used to
determine absolute number densities and
quenching rates for the hydroxyl radical. The
Nd:YAG lasers will then be modified to increase
the beat frequency, and ultimately to use third-
harmonic mode-locking, so that the data acqui-
sition and averaging system can be optimized to
take full advantage of the inherent speed of the
ASOPS measurement.
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